Rice, one of the world's most important food plants, has important syntenic relationships with the other cereal species and is a model plant for the grasses. Here we present a map-based, finished quality sequence that covers 95% of the 389 Mb genome, including virtually all of the euchromatin and two complete centromeres. A total of 37,544 nontransposable-element-related protein-coding genes were identified, of which 71% had a putative homologue in Arabidopsis. In a reciprocal analysis, 90% of the Arabidopsis proteins had a putative homologue in the predicted rice proteome. Twenty-nine per cent of the 37,544 predicted genes appear in clustered gene families. The number and classes of transposable elements found in the rice genome are consistent with the expansion of syntenic regions in the maize and sorghum genomes. We find evidence for widespread and recurrent gene transfer from the organelles to the nuclear chromosomes. The map-based sequence has proven useful for the identification of genes underlying agronomic traits. The additional single-nucleotide polymorphisms and simple sequence repeats identified in our study should accelerate improvements in rice production.
Rice (Oryza sativa L.) is the most important food crop in the world and feeds over half of the global population. As the first step in a systematic and complete functional characterization of the rice genome, the International Rice Genome Sequencing Project (IRGSP) has generated and analysed a highly accurate finished sequence of the rice genome that is anchored to the genetic map. Our analysis has revealed several salient features of the rice genome: . We provide evidence for a genome size of 389 Mb. This size estimation is ,260 Mb larger than the fully sequenced dicot plant model Arabidopsis thaliana. We generated 370 Mb of finished sequence, representing 95% coverage of the genome and virtually all of the euchromatic regions. . A total of 37,544 non-transposable-element-related protein-coding sequences were detected, compared with ,28,000-29,000 in Arabidopsis, with a lower gene density of one gene per 9.9 kb in rice. A total of 2,859 genes seem to be unique to rice and the other cereals, some of which might differentiate monocot and dicot lineages. . Gene knockouts are useful tools for determining gene function and relating genes to phenotypes. We identified 11,487 Tos17 retrotransposon insertion sites, of which 3,243 are in genes. . Between 0.38 and 0.43% of the nuclear genome contains organellar DNA fragments, representing repeated and ongoing transfer of organellar DNA to the nuclear genome. . The transposon content of rice is at least 35% and is populated by representatives from all known transposon superfamilies. . We have identified 80,127 polymorphic sites that distinguish between two cultivated rice subspecies, japonica and indica, resulting in a high-resolution genetic map for rice. Single-nucleotide polymorphism (SNP) frequency varies from 0.53 to 0.78%, which is 20 times the frequency observed between the Columbia and Landsberg erecta ecotypes of Arabidopsis.
. A comparison between the IRGSP genome sequence and the 6.3 £ indica and 6 £ japonica whole-genome shotgun sequence assemblies revealed that the draft sequences provided coverage of 69% by indica and 78% by japonica relative to the map-based sequence.
Rice has played a central role in human nutrition and culture for the past 10,000 years. It has been estimated that world rice production must increase by 30% over the next 20 years to meet projected demands from population increase and economic development 1 . Rice grown on the most productive irrigated land has achieved nearly maximum production with current strains 1 . Environmental degradation, including pollution, increase in night time temperature due to global warming 2 , reductions in suitable arable land, water, labour and energy-dependent fertilizer provide additional constraints. These factors make steps to maximize rice productivity particularly important. Increasing yield potential and yield stability will come from a combination of biotechnology and improved conventional breeding. Both will be dependent on a highquality rice genome sequence.
Rice benefits from having the smallest genome of the major cereals, dense genetic maps and relative ease of genetic transformation 3 . The discovery of extensive genome colinearity among the Poaceae 4 has established rice as the model organism for the cereal grasses. These properties, along with the finished sequence and other tools under development, set the stage for a complete functional characterization of the rice genome.
The International Rice Genome Sequencing Project
The IRGSP, formally established in 1998, pooled the resources of sequencing groups in ten nations to obtain a complete finished quality sequence of the rice genome (Oryza sativa L. ssp. japonica cv. Nipponbare). Finished quality sequence is defined as containing less than one error in 10,000 nucleotides, having resolved ambiguities, and having made all state-of-the-art attempts to close gaps. The IRGSP released a high-quality map-based draft sequence in December 2002. Three completely sequenced chromosomes have been published [5] [6] [7] , as well as two completely sequenced centromeres [8] [9] [10] . As the IRGSP subscribed to an immediate-release policy, high-quality map-based sequence has been public for some time. This has permitted rice geneticists to identify several genes underlying traits, and revealed very large and previously unknown segmental duplications that comprise 60% of the genome [11] [12] [13] . The public sequence has also revealed new details about the syntenic relationships and gene mobility between rice, maize and sorghum [13] [14] [15] .
Physical maps, sequencing and coverage The IRGSP sequenced the genome of a single inbred cultivar, Oryza sativa ssp. japonica cv. Nipponbare, and adopted a hierarchical cloneby-clone method using bacterial and P1 artificial chromosome clones (BACs and PACs, respectively). This strategy used a high-density genetic map 16 , expressed-sequence tags (ESTs) 17 , yeast artificial chromosome (YAC)-and BAC-based physical maps [18] [19] [20] , BAC-end sequences 21 and two draft sequences 22, 23 . A total of 3,401 BAC/PAC clones (Table 1) were sequenced to approximately tenfold sequence coverage, assembled, ordered and finished to a sequence quality of less than one error per 10,000 bases. A majority of physical gaps in the BAC/PAC tiling path were bridged using a variety of substrates, including PCR fragments, 10-kb plasmids and 40-kb fosmid clones. A total of 62 unsequenced physical gaps, including nine centromere and 17 telomere gaps, remain on the 12 chromosomes (Table 2) . Chromosome arm and telomere gaps were measured, and the nine centromere gaps were estimated on the basis of CentO satellite DNA content. The remaining gaps are estimated to total 18.1 Mb.
Ninety-seven percent of the BAC/PACs and gap sequences (3,360) have been submitted as finished quality in the PLN division of GenBank/DDBJ/EMBL. These and the remaining draft-sequenced clones were used to construct pseudomolecules representing the 12 chromosomes of rice (Fig. 1) . The total nucleotide sequence of the 12 pseudomolecules is 370,733,456 bp, with an N-average continuous sequence length of 6.9 Mb (see Table 1 for a definition of N-average length). Sequence quality was assessed by comparing 1.2 Mb of overlapping sequence produced by different laboratories. The overall accuracy was calculated as 99.99% (Supplementary Table 2 ). The statistics of sequenced PAC/BAC clones and pseudomolecules for each chromosome are shown in Table 1 .
The genome size of rice (O. sativa ssp. japonica cv. Nipponbare) was reported to have a haploid nuclear DNA content of 394 Mb on the basis of flow cytometry 24 , and 403 Mb on the basis of lengths of anchored BAC contigs and estimates of gap sizes 20 . Table 2 shows the calculated size for each chromosome and the estimated coverage. Adding the estimated length of the gaps to the sum of the nonoverlapping sequence, the total length of the rice nuclear genome was calculated to be 388.8 Mb. Therefore, the pseudomolecules are expected to cover 95.3% of the entire genome and an estimated 98.9% of the euchromatin. An independent measure of genome coverage represented by the pseudomolecules was obtained by searching for unique EST markers 19 ; of 8,440 ESTs, 8,391 (99.4%) were identified in the pseudomolecules.
Centromere location
Typical eukaryotic centromeres contain repetitive sequences, including satellite DNA at the centre and retrotransposons and transposons in the flanking regions. All rice centromeres contain the highly repetitive 155-165 bp CentO satellite DNA, together with centromere-specific retrotransposons 25, 26 . The CentO satellites are located within the functional domain of the rice centromere 10, 26 . Complete sequencing of the centromeres of rice chromosomes 4 and 8 revealed that they consist of 59 kb and 69 kb of clustered CentO repeats (respectively) [8] [9] [10] , tandemly arrayed head-to-tail within the clusters. Numerous retrotransposons, including the centromere-specific RIRE7, are found between and around the CentO repeats. CentO clusters show differences in length and orientation for the two centromeres.
BLASTN analysis of the pseudomolecules indicated that about 0.9 Mb of CentO repeats (corresponding to more than 5,800 copies of the satellite) were sequenced and found to be associated with centromere-specific retroelements. Locations of all CentO sequences correspond to genetically identified centromere regions (Supplementary Table 3 ). Our pseudomolecules cover the centromere regions on chromosomes 4, 5 and 8, and portions of the centromeres on the remaining chromosomes (Fig. 1) .
Gene content, expression and distribution We masked the pseudomolecules for repetitive sequences and used the ab initio gene finder FGENESH to identify only non-transposable-element-related genes. A total of 37,544 non-transposableelement protein-coding sequences were predicted, resulting in a density of one gene per 9.9 kb (Supplementary Tables 4 and 5). As the ability to identify unannotated and transposable-element-related genes improves, the true protein-coding gene number in rice will doubtless be revised.
Full-length complementary DNA sequences are available for rice 27 , and provide a powerful resource for improving gene model structure derived from ab initio gene finders 28 . Of the 37,544 non-transposable-element-related FGENESH models, 17,016 could be supported by a total of 25,636 full-length cDNAs (Supplementary Table 6 ).
A total of 22,840 (61%) genes had a high identity match with a rice ESTor full-length cDNA. On average, about 10.7 EST sequences were present for each expressed rice gene. A total of 2,927 genes aligned well with ESTs from other cereal species, and 330 of these genes matched only with a non-rice cereal EST ( Supplementary Fig. 1 ). Except for the short arms of chromosomes 4, 9 and 10, which are known to be highly heterochromatic, the density of expressed genes is greater on the distal portions of the chromosome arms compared with the regions around the centromeres ( Supplementary  Fig. 2) .
A total of 19,675 proteins had matches with entries in the SwissProt database; of these, 4,500 had no expression support. Domain searches revealed a minimum of one motif or domain present in 63% of the predicted proteins, with a total of 3,328 different domains present in the predicted rice proteome. The five most abundant domains were associated with protein kinases (Supplementary Table 7 ). Fifty-one per cent of the predicted proteins could be associated with a biological process ( Supplementary Fig. 3a ), with metabolism (29.1%) and cellular physiological processes (11.9%) representing the two most abundant classes.
Approximately 71% (26,837) of the predicted rice proteins have a homologue in the Arabidopsis proteome ( Supplementary Fig. 4 ). In a reciprocal search, 89.8% (26,004) of the proteins from the Arabidopsis genome have a homologue in the rice proteome. Of the 23,170 rice genes with rice EST, cereal EST, or full-length cDNA support, 20,311 (88%) have a homologue in Arabidopsis. Fewer putative homologues were found in other model species: 38.1% in Drosophila, 40.8% in human, 36.5% in Caenorhabditis elegans, 30.2% in yeast, 17.6% in Synechocystis and 10.2% in Escherichia coli.
There are profound differences in plant architecture and biochemistry between monocotyledonous and dicotyledonous angiosperms. Only 2,859 rice genes with evidence of transcription lack homologues in the Arabidopsis genome. We investigated these to learn what functions they encoded. The vast majority had no matches, or most closely matched unknown or hypothetical proteins. The grasses have a class of seed storage proteins called prolamins that is not found in dicots. There are also families of hormone response proteins and defence proteins, such as proteinase inhibitors, chitinases, pathogenesis-related proteins and seed allergens, many of which are tandemly repeated (Supplementary Table 8 ). Nevertheless, with a large number of proteins of unknown function, the most interesting differences between the genome content of these two groups of angiosperms remain to be discovered.
Tos17 is an endogenous copia-like retrotransposon in rice that is inactive under normal growth conditions. In tissue culture, it becomes activated, transposes and is stably inherited when the plant is regenerated 29 . There are only two copies of Tos17 in the rice cultivar Nipponbare. These features, together with its preferential insertion into gene-rich regions, make Tos17 uniquely suitable for the functional analysis of rice genes by gene disruption. About 50,000 Tos17-insertion lines carrying 500,000 insertions have been produced 30 . A total of 11,487 target loci were mapped on the 12 pseudomolecules ( Supplementary Fig. 5 ), with at least one insertion detected in 3,243 genes. The density of Tos17 insertions is higher in euchromatic regions of the genome 30 , in contrast to the distribution of high-copy retrotransposons, which are more frequently found in pericentromeric regions. A similar target site preference has been reported for T-DNA insertions in Arabidopsis 31 .
Tandem gene families
One surprising outcome of the Arabidopsis genome analysis was the large percentage (17%) of genes arranged in tandem repeats 32 . When performing a similar analysis with rice, the percentage was comparable (14%). However, manual curation on rice chromosome 10 showed one gene family encoding a glycine-rich protein with 27 copies and one encoding a TRAF/BTB domain protein with 48 copies 33 . These tandemly repeated families are interrupted with other genes and are not included in strictly defined tandem repeats. We therefore screened for all tandemly arranged genes in 5-Mb intervals. Using these criteria, 29% of the genes (10,837) are amplified at least once in tandem, and 153 rice gene arrays contained 10-134 members (Supplementary Fig. 6 ). Sixty five per cent of the tandem arrays with over 27 members, and 33% of all the arrays with over 10 members, contain protein kinase domains (Supplementary Table 9 ).
Non-coding RNA genes
The nucleolar organizer, consisting of 17S-5.8S-25S ribosomal DNA coding units, is found at the telomeric end of the short arm of chromosome 9 (ref. 34) in O. sativa ssp. japonica, and is estimated to comprise 7 Mb (ref. 35) . A second 17S-5.8S-25S rDNA locus is found at the end of the short arm of chromosome 10 in O. sativa ssp.
indica 34 . A single 5S cluster is present on the short arm of chromosome 11 in the vicinity of the centromere 36 , and encompasses 0.25 Mb.
A total of 763 transfer RNA genes, including 14 tRNA pseudogenes were detected in the 12 pseudomolecules. In comparison, a total of 611 tRNA genes were detected in Arabidopsis 32 . Supplementary Fig. 7 shows the distribution of these tRNA genes in each chromosome. Chromosome 4 has a single tRNA cluster 6 , and chromosome 10 has two large clusters derived from inserted chloroplast DNA 7 . Except for regions of intermediate density on chromosomes 1, 2, 8 and 12, there seem to be no other large clusters.
MicroRNAs (miRNAs), a class of eukaryotic non-coding RNAs, are believed to regulate gene expression by interacting with the target messenger RNA 37 . miRNAs have been predicted from Arabidopsis 38 and rice 39 , and we mapped 158 miRNAs onto the rice pseudomolecules (Supplementary Table 10 ). Among other non-coding RNAs, we identified 215 small nucleolar RNA (snoRNA) and 93 spliceosomal RNA genes, both showing biased chromosomal distributions, in the rice genome (Supplementary Table 11 ).
Organellar insertions in the nuclear genome Mitochondria and chloroplasts originated from alpha-proteobacteria and cyanobacteria endosymbionts. A continuous transfer of organellar DNA to the nucleus has resulted in the presence of chloroplast and mitochondrial DNA inserted in the nuclear chromosomes. Although the endosymbionts probably contained genomes of several Mb at the time they were internalized, the organellar genomes diminished so that the present size of the mitochondrial genome is less than 600 kb, and that of the chloroplast is only 150 kb. Homology searches detected 421-453 chloroplast insertions and 909-1,191 mitochondrial insertions, depending upon the stringency adopted ( Supplementary Fig. 8 and Supplementary Table 12 ). Thus, chloroplast and mitochondrial insertions contribute 0.20-0.24% and 0.18-0.19% of the nuclear genome of rice, respectively, and correspond to 5.3 chloroplast and 1.3 mitochondrial genome equivalents. The distribution of chloroplast and mitochondrial insertions over the 12 chromosomes indicates that mitochondrial and chloroplast transfers occurred independently. Two chromosomes harbour more insertions than the others (Supplementary Fig. 8 and Supplementary  Table 12) , with chromosome 12 containing nearly 1% mitochondrial DNA and chromosome 10 containing approximately 0.8% chlor- 
Transposable elements
The rice genome is populated by representatives from all known transposon superfamilies, including elements that cannot be easily classified into either class I or II (ref. 40) . Previous estimates of the transposon content in the rice genome range from 10 to 25% (refs 21, 40) . However, the increased availability of transposon query sequences and the use of profile hidden Markov models allow the identification of more divergent elements 41 and indicate that the transposon content of the O. sativa ssp. japonica genome is at least 35% (Table 3) . Chromosomes 8 and 12 have the highest transposon content (38.0% and 38.3%, respectively), and chromosomes 1 (31.0%), 2 (29.8%) and 3 (29.0%) have the lowest proportion of transposons. Conversely, elements belonging to the IS5/Tourist and IS630/Tc1/mariner superfamilies, which are generally correlated with gene density, are prevalent on the first three chromosomes and least frequent on chromosomes 4 and 12.
Class II elements, characterized by terminal inverted-repeats and including the hAT, CACTA, IS256/Mutator, IS5/Tourist, and IS630/ Tc1/mariner superfamilies, outnumber class I elements, which include long terminal-repeat (LTR) retrotransposons (Ty1/copia, Ty3/gypsy and TRIM) and non-LTR retrotransposons (LINEs and SINEs, or long-and short-interspersed nucleotide elements, respectively), by more than twofold (Table 3) . However, the nucleotide contribution of class I is greater than that of class II, due mostly to the large size of LTR retrotransposons and the small size of IS5/Tourist and IS630/Tc1/mariner elements. The inverse is the case for maize, for which class I elements outnumber class II elements 42 . Given their larger sizes, differential amplification of LTR elements in maize compared with rice is consistent with the genomic expansion found between orthologous regions of rice and maize 15, 33 . Most class I elements are concentrated in gene-poor, heterochromatic regions such as the centromeric and pericentromeric regions (Supplementary Table 14 ). In contrast, members of some transposon superfamilies, including IS5/Tourist, IS630/Tc1/mariner and LINEs, have a significant positive correlation with both recombination rate and gene density. There is an effect of average element length associated with these patterns: short elements generally show a positive correlation with recombination rate and gene density, and are under-represented in the centromere regions, whereas larger elements have higher centromeric and pericentromeric abundance.
Intraspecific sequence polymorphism
Map-based cloning to identify genes that are associated with agronomic traits is dependent on having a high frequency of polymorphic markers to order recombination events. In rice, most of the segregating populations are generated from crosses between the two major subspecies of cultivated rice, Oryza sativa ssp. japonica and O. sativa ssp. indica. Although several studies on the polymorphisms detected between japonica and indica subspecies have been reported 6, 43, 44 , the analysis reported here uses an approach that ensures comparison of orthologous sequences. O. sativa ssp. indica cv. Kasalath and O. sativa ssp. japonica cv. Nipponbare are the parents of the most densely mapped rice population 16 . BAC-end sequences were obtained from a Kasalath BAC library of 47,194 clones. Only high quality, single-copy sequences were mapped to the Nipponbare pseudomolecules, and only paired inverted sequences that mapped within 200 kb were considered. A total of 26,632 paired Kasalath BAC-end sequences were mapped to the 12 rice pseudomolecules (Supplementary Table 15 Class 1 simple sequence repeats in the rice genome Class 1 simple sequence repeats (SSRs) are perfect repeats .20 nucleotides in length 45 that behave as hypervariable loci, providing a rich source of markers for use in genetics and breeding. A total of 18,828 Class 1 di, tri and tetra-nucleotide SSRs, representing 47 distinctive motif families, were identified and annotated on the rice genome ( Supplementary Fig. 9 ). Supplementary Table 17 provides information about the physical positions of all Class 1 SSRs in relation to widely used restriction-fragment length polymorphisms (RFLPs) 16, 46 and previously published SSRs 45 . There was an average of 51 hypervariable SSRs per Mb, with the highest density of markers occurring on chromosome 3 (55.8 SSR Mb 21 ) and the lowest occurring on chromosome 4 (41.0 SSR Mb 21 ). A summary of information about the Class 1 SSRs identified in the rice pseudomolecules appears in Supplementary Table 18 . Several thousand of these SSRs have already been shown to amplify well and be polymorphic in a panel of diverse cultivars 45 , and thus are of immediate use for genetic analysis.
Genome-wide comparison of draft versus finished sequences
Two whole-genome shotgun assemblies of draft-quality rice sequence have been published 23, 47 , and reassemblies of both have just appeared 48 . One of these is an assembly of 6.28 £ coverage of O. sativa ssp. indica cv. 93-11. The second sequence is a ,6 £ coverage of O. sativa ssp. japonica cv. Nipponbare 23, 48 . These assemblies predict genome sizes of 433 Mb for japonica and 466 Mb for. indica, which differ from our estimation of a 389 Mb japonica genome. Contigs from the whole-genome shotgun assembly of 93-11 and Nipponbare 48 were aligned with the IRGSP pseudomolecules. Nonredundant coverage of the pseudomolecules by the indica assembly varied from 78% for chromosome 3 to 59% for chromosome 12, with an overall coverage of 69% (Supplementary Table 19 ). When genes supported by full-length cDNA coverage were aligned to the covered regions, we found that 68.3% were completely covered by the indica sequences. The average size of the indica contigs is 8.2 kb, so it is not surprising that many did not completely cover the gene models defined here. The coverage of the Nipponbare whole-genome shotgun assembly varied from 68-82%, with an overall coverage of 78% of the genome, and 75.3% of the full-length cDNAs supported gene models.
We undertook a detailed comparison of the first Mb of these assemblies on 1S (the short arm of chromosome 1) with the IRGSP chromosome 1 (Supplementary Fig. 10 and Supplementary Table  20 ). The numbers from this comparison agree with the wholegenome comparison described above. In addition, we observed that a substantial portion of the contigs from each assembly were non-homologous, misaligned or provided duplicate coverage. Indeed, the whole-genome shotgun assembly differed by 0.05% base-pair mismatches for the two aligned regions from the same Nipponbare cultivar. The two assemblies were further examined for the presence of the CentO sequence (Supplementary Table 21 ). Sixtyeight per cent of the copies observed in the 93-11 assembly and 32% of the CentO-containing contigs in the whole-genome shotgun Nipponbare assembly were found outside the centromeric regions. In contrast, the CentO repeats were restricted to the centromeric regions in the IRGSP pseudomolecules. It is unlikely that there are dispersed centromeres in indica rice; misassembly of the wholegenome shotgun sequences is a more likely explanation for dispersed CentO repeats. These observations indicate that the draft sequences, although providing a useful preliminary survey of the genome, might not be adequate for gene annotation, functional genomics or the identification of genes underlying agronomic traits.
Concluding remarks
The attainment of a complete and accurate map-based sequence for rice is compelling. We now have a blueprint for all of the rice chromosomes. We know, with a high level of confidence, the distribution and location of all the main components-the genes, repetitive sequences and centromeres. Substantial portions of the map-based sequence have been in public databases for some time, and the availability of provisional rice pseudomolecules based on this sequence has provided the scientific community with numerous opportunities to evaluate the genome, as indicated by the number of publications in rice biology and genetics over the past few years. Furthermore, the wealth of SNP and SSR information provided here Table 2 for estimated lengths of the chromosomes.
and elsewhere will accelerate marker-assisted breeding and positional cloning, facilitating advances in rice improvement.
The syntenic relationships between rice and the cereal grasses have long been recognized 4 . Comparing genome organization, genes and intergenic regions between cereal species will permit identification of regions that are highly conserved or rapidly evolving. Such regions are expected to yield crucial insights into genome evolution, speciation and domestication.
METHODS
Physical map and sequencing. Nine genomic libraries from Oryza sativa ssp. japonica cultivar Nipponbare were used to establish the physical map of rice chromosomes by polymerase chain reaction (PCR) screening 19 , fingerprinting 20 and end-sequencing 21 . The PAC, BAC and fosmid clones on the physical map were subjected to random shearing and shotgun sequencing to tenfold redundancy, using both universal primers and the dye-terminator or dye-primer methods. The sequences were assembled using PHRED (http://www.genome.-washington.edu/UWGC/analysistools/Phred.cfm) and PHRAP (http://www.genome.washington.edu/UWGC/analysistools/Phrap.cfm) software packages or using the TIGR Assembler (http://www.tigr.org/software/assembler/). Sequence gaps were resolved by full sequencing of gap-bridge clones, PCR fragments or direct sequencing of BACs. Sequence ambiguities (indicated by PHRAP scores less than 30) were resolved by confirming the sequence data using alternative chemistries or different polymerases. We empirically determined that a PHRAP score of 30 or above exceeds the standard of less than one error in 10,000 bp. BAC and PAC assemblies were tested for accuracy by comparing computationally derived fingerprint patterns with experimentally determined patterns of restriction enzyme digests. Sequence quality was also evaluated by comparing independently obtained overlapping sequences.
Small physical gaps were filled by long-range PCR. Remaining physical gaps were measured using fluorescence in situ hybridization analysis. We used the length of CentO arrays 26 to estimate the size of each of the remaining centromere gaps. Annotation and bioinformatics. Gene models were predicted using FGENESH (http://www.softberry.com/berry.phtml?topic ¼ fgenesh) using the monocot trained matrix on the native and repeat-masked pseudomolecules. Gene models with incomplete open reading frames, those encoding proteins of less than 50 amino acids, or those corresponding to organellar DNA were omitted from the final set. The coordinates of transposable elements, excluding MITEs (miniature inverted-repeat transposable elements), were used to mask the pseudomolecules.
Conserved domain/motif searches and association with gene ontologies were performed using InterproScan (http://www.ebi.ac.uk/InterProScan/) in combination with the Interpro2Go program. For biological processes, the number of detected domains was re-calculated as number of non-redundant proteins.
The predicted rice proteome was searched using BLASTP against the proteomes of several model species for which a complete genome sequence and deduced protein set was available. Each rice chromosome was searched against the TIGR rice gene index (http://www.tigr.org/tdb/tgi/ogi/) and against gene index entries that aligned to gene models corresponding to expressed genes. In addition, five cereal gene indices (http://www.tigr.org/tdb/tgi/) were searched against the rice chromosomes, and gene index matches were recorded. We searched the Oryza sativa ssp. japonica cv. Nipponbare collection of full-length cDNAs (ftp://cdna01.dna.affrc.go.jp/pub/data/), after first removing the transposable-element-related sequences, against the FGENESH models.
Gene models with rice full-length cDNA, EST or cereal EST matches but without identifiable homologues in the Arabidopsis genome were searched for conserved domains/motifs using InterproScan, and for homologues in the Swiss-Prot database (http://us.expasy.org/sprot/) using BLASTP. All proteins with positive blast matches were further compared with the nr database (http:// www.ncbi.nlm.nih.gov/blast/html/blastcgihelp.html#protein_databases), using BLASTP to eliminate truncated proteins and those with matches to other dicots. Tandem gene families. The rice genome was subjected to a BLASTP search as previously described 32 . The search was also performed by permitting more than one unrelated gene within the arrays, and the limit of the search was set to 5-Mb intervals to exclude large chromosomal duplications. Non-coding RNAs. Transfer-RNA genes were detected by the program tRNAscan SE (http://www.genetics.wustl.edu/eddy/tRNAscan-SE/). The miRNA registry in the Rfam database (http://www.sanger.ac.uk/Software/Rfam/) was used as a reference database for miRNAs. In addition, experimentally validated miRNAs of other species, excluding Arabidopsis miRNAs, were used for BLASTN queries against the pseudomolecules. Spliceosomal and snoRNAs were retrieved from the Rfam database and used for queries. BLASTN was used to find the location of snoRNAs and spliceosomal RNAs in the pseudomolecules. Organellar insertions. Oryza sativa ssp. japonica Nipponbare chloroplast (GenBank NC_001320) and mitochondrial (GenBank BA000029) sequences were aligned with the pseudomolecules using BLASTN and MUMmer 49 . Transposable elements. The TIGR Oryza Repeat Database, together with other published and unpublished rice transposable element sequences, was used to create RTEdb (a rice transposable element database) 50 and determine transposable element coordinates on the rice pseudomolecules. In the case of hAT, IS256/ Mutator, IS5/Tourist and IS630/Tc1/mariner elements, family-specific profile hidden Markov models were applied using HMMER 41 (http://hmmer.wustl.edu/). The remaining superfamilies were annotated using RepeatMasker (http:// www.repeatmasker.org/). Tos17 insertions. Flanking sequences of transposed copies of 6,278 Tos17 insertion lines were isolated by modified thermal asymmetric interlaced (TAIL)-PCR and suppression PCR, and screened against the pseudomolecule sequences. SNP discovery. BAC clones from an O. sativa ssp. indica var. Kasalath BAC library were end-sequenced. Sequence reads were omitted if they contained more than 50% nucleotides of low quality or high similarity to known repeats. The remaining sequences were subjected to BLASTN analysis against the pseudomolecules. Gaps within the alignments were classified as small insertions/ deletions. SSR loci. The Simple Sequence Repeat Identification Tool (http://www.gramene. org/) was used to identify simple sequence repeat motifs, and the physical position of all Class 1 SSRs was recorded. The copy number of SSR markers was estimated using electronic (e)-PCR to determine the number of independent hits of primer pairs on the pseudomolecules. Whole-genome shotgun assembly analysis. Contigs from the BGI 6.28 £ whole genome assembly of O. sativa ssp. indica 93-11 (GenBank/DDBJ/EMBL accession number AAAA02000001-AAAA02050231) and the Syngenta 6 £ whole genome assembly of O. sativa ssp. japonica cv. Nipponbare (AACV01000001-AACV01035047; ref. 48) were aligned with the pseudomolecules using MUMmer 49 . The number of IRGSP Nipponbare full-length cDNAsupported gene models completely covered by the aligned contigs was tabulated. The 155-bp CentO consensus sequence was used for BLAST analysis against the 93-11 and Nipponbare whole-genome shotgun contigs, and the coordinates of the positive hits recorded. Locations of centromeres for each indica chromosome were obtained with the CentO sequence positions on the IRGSP pseudomolecule of the corresponding chromosome. A detailed comparison of the BGI-assembled and -mapped Syngenta contigs (AACV01000001-AACV01000070) and the 93-11 contigs (AAAA02000001-AAAA02000093) was obtained by BLAST analysis against the IRGSP chromosome 1 pseudomolecule.
Detailed procedures for the analyses described above can be found in the Supplementary Information. 
